Antigen-induced cross-linking of IgE bound to its receptors at the surface of basophils or mast cells initiates a number of biochemical events culMnting in the release of histamine-containing granules. In the present study, we investigated the possible involvement of tyrosine phosphorylation in signaling by the high-affinity IgE receptor (FceRI). Crosslinking of FceRI in rat basophilic leukemia cells (RBL-2H3) led to the phosphorylation of several proteins on tyrosine, the most prominent having a mass of 72 kDa. Tyrosine phosphorylation was rapid, detectable 1 min after stimulation, and correlated with both the time course and antigen dose for histamine release. Reversal of FcERI cross-linking prevented continuation of the degranulation process and resulted in rapid loss of tyrosine phosphorylation. The receptor-mediated tyrosine phosphorylation was still induced in the absence of calcium in the medium. Depletion of protein kinase C with phorbol 12-myristate 13-acetate did not dramatically affect the tyrosine phosphorylation signal or the release of histamine. In contrast, the calcium ionophore A23187 induced histamine release in the absence of a perceptible increase in protein tyrosine phosphorylation. Thus, tyrosine phosphorylation is an early signal following FceRI aggregation, independent of the exocytotic process itself. Taken together, our findings functionally link protein phosphorylation on tyrosine residues to FceRI-mediated signal transduction leading to histamine release.
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Protein-tyrosine kinases of the receptor class mediate cell growth responses to environmental signals such as epidermal growth factor (1) and platelet-derived growth factor (2, 3) . However, accumulating evidence has also implicated tyrosine phosphorylation in degranulation by fully differentiated cells such as platelets (4) and chromaffin cells (5, 6) . Furthermore, p55c-fgr, a protein-tyrosine kinase of the src family, has been recently shown to function in some aspect of neutrophil degranulation (7) . Histamine release from mast cells and from the rat basophilic leukemia cells (RBL-2H3) provides a well-documented model for exocytosis (8) (9) (10) (11) . RBL-2H3 cells express high-affinity IgE receptors (FcERI) and aggregation of these receptors results in a number of metabolic events culminating in the release of histaminecontaining granules. Recent studies have shown that in immune complexes containing solubilized FcERI proteins, both the ,3 and y components are phosphorylated in vitro exclusively on tyrosine residues by virtue of a proteintyrosine kinase activity that coprecipitates with, but is distinct from, the IgE receptor complex (12, 13) . These findings provided our rationale for investigating the possible role of protein tyrosine phosphorylation in the process of histamine release from basophils.
EXPERIMENTAL PROCEDURES
Cell Stimulation and Histamine Release Assay. RBL-2H3 cells cultured as described (14) were plated at 1 x 106 cells per 35-mm2 well in 2 ml of culture medium containing 0.3 ,g of purified anti-2,4-dinitrophenyl (DNP) monoclonal mouse IgE per ml (DNP-48) (15) . After overnight culture at 37°C and 5% C02/95% air, the cell monolayers were washed twice with Pipes-buffered saline (16) (Fig. 1B) . These findings demonstrated that tyrosine phosphorylation was coupled to FceRI activation and suggested that phosphorylation on tyrosine residues was involved in signal transduction leading to histamine release. The relationship of FceRI aggregation and tyrosine phosphorylation to histamine release was examined further in antigen dose-response and time course experiments. As shown in Fig. 1C , the degree of tyrosine phosphorylation correlated with the extent of histamine release over a wide dose range of antigen. In time course studies, tyrosine phosphorylation was observed 1 min after the addition of antigen to IgE-sensitized cells and persisted throughout the course of the experiment (Fig. 2) . In a time-dependent manner, the extent of histamine release correlated with the degree of tyrosine phosphorylation. These findings demonstrated the early nature of the tyrosine phosphorylation event after FceRI stimulation.
To determine whether tyrosine phosphorylation was dependent on continued receptor activation, RBL-2H3 cells were sensitized with anti-DNP IgE, washed, and activated for histamine release with DNP-human serum albumin. After 5 min of stimulation, antigen-dependent bridging of FceRI was disrupted by the addition ofexcess hapten (DNP-lysine). Upon receptor disaggregation, further histamine release ceased ( Fig. 2A) , and tyrosine phosphorylation was rapidly lost (Fig. 2B) phosphorylation and histamine release were reduced by -50% (Fig. 3) . Therefore, the FcERI-induced phosphorylation on tyrosine residues was still present even when there was no detectable PKC, although our data may suggest a role for PKC in modulating the tyrosine phosphorylation and histamine release responses.
Effect of Calcium on FcERI-Induced Tyrosine Phosphorylation. The calcium ionophore A23187 induces an increase in intracellular calcium concentration ([Ca2']i) and degranulation in RBL-2H3 cells by a mechanism that circumvents the IgE receptor complex. This provided an opportunity to determine whether an increase in [Ca2+], could result in tyrosine phosphorylation. Cells were stimulated with the calcium ionophore A23187 at a concentration that induces high levels of [Ca2+]i and significant histamine release. Under these conditions, no tyrosine phosphorylation was observed (Fig. 4A) . Furthermore, stimulation with A23187 together with activation of PKC with PMA also failed to induce tyrosine phosphorylation (Fig. 4A) . These findings demonstrate that FceRI-mediated tyrosine phosphorylation is not induced by a major increase in free cytosolic calcium in the presence or absence of PKC activation. Moreover, we conclude that tyrosine phosphorylation is coupled to functional FcERI signaling but is independent of the exocytotic process itself.
In the absence of extracellular calcium, no degranulation occurs from RBL-2H3 cells in response to FceRI-mediated triggering, but minimal increases in [Ca2']1 have been observed (23, 24) . To determine whether the phosphorylation signal was present under these conditions, RBL-2H3 cells were first sensitized with IgE and then stimulated with antigen in calcium-free medium containing EDTA. As shown in Fig. 4B 
DISCUSSION
Basophils are terminally differentiated myeloid cells that function physiologically by releasing granules containing inflammatory mediators (8) (9) (10) (11) . FcERI-mediated signaling is thought to result in guanine nucleotide-binding regulatory protein-independent phospholipase C activation (25, 26) , degradation of inositol phospholipids, activation of PKC, and an increase in intracellular free calcium resulting from both the release of calcium from internal stores and calcium influx (8) (9) (10) (11) . However, none ofthese events can totally account for the degranulation signal (22) , suggesting the involvement of additional and so far undescribed metabolic events. Our present findings demonstrated increased tyrosine phosphorylation as an early metabolic event coupled to FcERI aggregation. Furthermore, tyrosine phosphorylation was independent of PKC activity, of calcium influx, and of the major increase in [Ca2+]1i. It is also likely to be independent of phospholipase C activation since FcERI-mediated stimulation of inositol phospholipid breakdown is dramatically reduced in the absence of external calcium (27, 28) . Therefore, phosphorylation of tyrosine residues must be considered in hypotheses linking FceRI aggregation to subsequent secretory events.
The mechanism involved in increased steady-state tyrosine phosphorylation in response to FcERI cross-linking is not yet identified. One model would implicate an inhibition of protein-tyrosine phosphatase activity. Alternatively, proteintyrosine kinases may act as intracellular effectors of the FcERI signal, as has been suggested for activation of the T-cell receptor through its association with CD4 and p561ck, a protein-tyrosine kinase (29, 30 tor (FcyR) (31) . The a chain of the FceRI and the FcyR proteins belong to the immunoglobulin superfamily (31) . Interestingly, the FcERI, the murine FcyRIIa, and the human FcyRIII have a similar transmembrane region containing an aspartic acid (32) . In addition, the murine FcyRII and the human FcyRIII require the y component of the FcERI for expression on the cell surface (33) (34) (35) . Such structural homologies of these proteins could lead to similar interactions with intracellular molecules such as protein-tyrosine kinases or phosphatases.
Receptors for polypeptide growth factors are protein tyrosine phosphorylating enzymes that are activated by ligand binding (36) . Furthermore, roughly half of the oncogenes described to date encode constitutively active proteintyrosine kinases, which are thought to induce malignant transformation by increasing the tyrosine phosphorylation of certain critical growth regulatory substrates. In the present study, we have demonstrated induction oftyrosine phosphorylation during signal transduction mediated by the FcERI complex. However, it is well known that the FcERI stimulation induces histamine release by a secretory process. Thus, our present findings suggest that tyrosine phosphorylation is also involved in normal cellular processes that are not proliferative in nature.
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